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Abstract. Ischemia-reperfusion-caused hemorheological alterations have been widely studied but the effect of testicular10
ischemia-reperfusion has not so far. In this study 14 Sprague-Dawley rats were involved. In the ischemia-reperfusion group11
under general anaesthesia the left testis was explored by opening the scrotum then the deferent duct and vasculature were12
clamped for 30 minutes. Testicular microcirculation was monitored by laser Doppler flowmetry. The right testis was untouched.13
In the control group: only anaesthesia was induced. Blood sampling occurred before and after ischemia, at the 60th minute of14
reperfusion and on the 1st postoperative day for determining hematological parameters (microcell-counter), erythrocyte deforma-15
bility (slit-flow ektacytometer) and erythrocyte aggregation (light-transmission aggregometer). After the last blood sampling,16
testicles were removed for histological examination. Hematological parameter changes reflected inflammatory response. Ery-17
throcyte deformability showed a worsening already at the 60th minute of reperfusion compared to base and control values. By the18
1st postoperative day further decrease was observed. Erythrocyte aggregation significantly enhanced with great magnitude versus19
base and control values (p< 0.001). However, conventional histological examinations did not show marked testicular injury. The20
experienced changes can attract attention to the testicular ischemia-reperfusion causing significant effects on hemorheological21
parameters, which can lead to further harmful microcirculatory consequences.22
Keywords: Testicular ischemia-reperfusion, red blood cell aggregation, red blood cell deformability, microcirculation, rat23
1. Introduction23
Acute testicular ischemia is still nowadays an important issue in the clinical practice, which is most24
frequently due to torsion (mainly intra-, extravaginal or mesorchial types) [8, 9, 31]. Besides the severe25
pain, the occurring ischemia has influence on the spermatogenesis and furthermore, the injury of the26
blood testis barrier can provoke immune processes leading to contralateral injury [13, 17, 23, 33, 35].27
Concerning the microcirculatory alterations there are numerous literature data with various length of28
ischemia-reperfusion [9, 16, 17, 28, 32]. In this approach, the hemorheological approach is inseparable,29
since it is well known, that blood and plasma viscosity, hematocrit, red blood cell deformability as well30
as red blood cell aggregation are major determinants of the microcirculatory flow [e.g. 2–4, 24, 26, 30].31
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During tissue or organ ischemia-reperfusion these hemorheological parameters may show changes in32
different manners, mainly due to free-radical-caused damages, inflammatory processes and metabolic33
changes as well as acid-base alterations [3, 10, 14, 18, 20]. Surprisingly, by our knowledge, in the34
literature there is a lack of conclusive data about the hemorheological changes caused by testicular35
ischemia-reperfusion.36
In present study our aim was to investigate the hypotheses whether 30 minutes of testicular ischemia37
and the following reperfusion may have deteriorating effect on the testicular microcirculation and on the38
micro-rheological parameters, such as red blood cell deformability and aggregation in the rat.39
2. Materials and methods40
2.1. Experimental animals and study design41
The experiments were approved and registered by the University of Debrecen Committee of Animal42
Research (registration Nr.: 17/2008. UD CAR), in accordance with the Hungarian Animal Protection Act43
(Law XVIII/1998).44
Fourteen adult (7–8 months old) male Sprague-Dawley rats (Janvier Co., France) (bodyweight:45
563 ± 94.3 g) were involved into the study. The animals were randomly divided into two equal experi-46
mental groups, as Ischemia-Reperfusion (I/R) and Control groups.47
2.2. Operative techniques and blood sampling protocol48
In the I/R group (n= 7) under general anesthesia (Thiopenthal® 60 mg/kg, i.p.) the scrotum was gently49
shaved, disinfected with Betadine® and isolated. The scrotum was opened by a 2-cm incision over the left50
testis, which was gently ante-positioned and taken on a wet (using body temperature physiological saline51
solution) sterile textile. Its deferent duct together with the vessels was atraumatically clamped for 3052
minutes in order to induce unilateral ischemia, while the right testicle was kept intact. After the ischemia53
and completing the microcirculatory tests (see below), the left testis was repositioned, the field was54
washed with Betadine® and the scrotum was closed in two layers taking simple interrupted stitches and55
using 3/0 Dexon®. In the Control group (n= 7) anesthesia was induced but no operation was performed.56
As analgesia, both experimental groups received Flunixin® (2.5 mg/kg, s.c.).57
For laboratory tests 0.2–0.3 ml blood was obtained via puncturing the lateral tail vein using 26 G needle58
(anticoagulant: 1.5 mg/ml K3-EDTA) prior to the ischemia (Base), just after the ischemia (I-30), as well59
at the 60th minutes of reperfusion (R-60), and also on the 1st postoperative day. After the last blood60
sampling under general anesthesia, bilateral orchidectomy was performed in both groups for histological61
examinations. At the end of the experiment protocol, the animals were euthanized.62
2.3. Microcirculatory investigation63
For monitoring the microcirculation of the testicles a LD-01 laser Doppler tissue flowmetry monitor-64
ing system (Experimetria Ltd., Hungary) was used with a standard pencil probe (MNP100XP, Oxford65
Optronix Ltd., UK). The device determines blood flux units (BFU), which were registered for 20 sec after66
stabilization of the signal. Since evaluation of results from a single-channel laser Doppler device can be67
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done by several way, such as using the measured BFU values, arbitrary units, or evaluating the changes68
(relative values), as well as analyzing the response to a vasoactive agent or ischemic maneuver [1, 19,69
22], we have chosen the evaluation of the average BFU values of a standard time period. The data were70
analyzed offline, using the average BFU values of each 2-second periods (excluding the highest and the71
lowest values) of the recorded 20-second testing time.72
The BFU together with the temperature (SEN-06-RTH1 stick temperature probe, Experimetria Ltd.,73
Hungary) of the left testicle was measured prior to ischemia (Base) and at the end of the ischemia (I-30).74
On the 1st postoperative day before orchidectomy measurements were also completed on both testes.75
2.4. Laboratory investigations76
Quantitative and qualitative hematological parameters were determined by a Sysmex F-800 microcell77
counter (TOA Medical Electronics Co., Ltd., Japan). The tests require approximately 70l of blood.78
Red blood cell deformability was determined using a Rheoscan-D200 slit-flow ektacytometer (Sewon79
Meditech Inc., South-Korea). In the device vacuum-generated shear stress (SS; 0.5–20 Pa) is used for80
elongating red blood cells flowing through a 200–220m high, 40 mm long slit chamber, while a laser81
beam is focused on this slit-flow zone. The measurement is based on the analysis of the diffracted laser82
images pattern from the elongated red blood cells, determining elongation index (EI) values in the function83
of shear stress (SS [Pa]). EI increases parallelly with the deformability of the cell [4, 12]. During sample84
preparation 6l of blood sample was placed into 600l high-viscosity isotonic polyvinyl-pyrrolidone85
solution (PVP, 360 kDa; viscosity = 20 mPa.s).86
For the comparison of EI–SS curves EI values at 1, 2, 3, 5 and 10 Pa, as well as calculated maximal87
elongation index (EImax) and the shear stress at half EImax (SS1/2 [Pa]) were used, according to the88
Lineaweaver-Burke analysis [5]: 1/EI=SS1/2/EImax × 1/SS + 1/EImax.89
For testing red blood cell aggregation a Myrenne MA-1 erythrocyte aggregometer (Myrenne GmbH,90
Germany) was used. The measurements require approximately 20l of blood. During measurements the91
sample is disaggregated at shear rate of 600 s−1 for a few seconds then suddenly the shear rate drops to92
zero (M mode) or to 3 s−1 shear rate (M1 mode). Then the instruments calculates the aggregation index93
value by the changes of light-transmission of the sample at the 5th or 10th second of the aggregation94
process. The indices increase with enhanced red blood cell aggregation [4, 6, 12].95
2.5. Histological examinations96
For histological examinations slides were cut in sagittal plane from the testicle specimens, then stained97
with hematoxylin-eosin (H&E).98
2.6. Statistical analysis99
Data are presented as mean ± standard deviation (S.D.). According to the normality of data distribution,100
Student t-test or Mann-Whitney RS test were used for inter-group comparison, and one-way ANOVA101
tests (Dunn’s or Bonferroni’s method) for intra-group comparison.102
A p value less than 0.05 was considered as statistically significant.
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3. Results103
3.1. Microcirculatory investigations104
The microcirculatory blood flux units significantly declined during the ischemia (BFU: 13.78 ± 2.6;105
p< 0.001 vs. base) and just after it (32.23 ± 10.83; p< 0.001 vs. base), and still showed decreased values106
on the 1st postoperative day (26.78 ± 5.47) compared to the base (42.5 ± 7.1; p< 0.001) or versus the107
intact right testis’ values (43.45 ± 8.39; p< 0.001). The microcirculation of the intact side did not show108
changes compared to the base (Fig. 1).109
Compared to the base values (27.27 ± 1.46◦C), the temperature of the ischemic testis slightly decreased110
(26.38 ± 2.84 ◦C). By the 1st postoperative day, the temperature of the injured testis was significantly111
higher (31.08 ± 1.22◦C) versus the base (p= 0.002) or the contralateral, intact testis values (p= 0.039).112
However, the intact testis’ temperature (29.46 ± 0.81◦C) was also significantly higher compared to the113
base (p= 0.02) (Fig. 2).114
3.2. Hematological parameters115
Table 1 summarizes the results of hematological tests. White blood cell count of the I/R group showed116
significant elevation by the 1st postoperative day compared to the Control group (for all: p= 0.001). A117
rise was seen in monocyte-granulocyte ratio showing significant difference compared to its base: just118
after ischemia (p= 0.018), by the 60th minute of reperfusion (p< 0.001) and on the 1st postoperative day119
(p< 0.001).120
The platelet count also elevated in the I/R group, showing significant difference on the 1st postoperative121
day compared to the base values (p= 0.002) or to the Control group (p< 0.001).122
The other, erythrocyte-related hematological parameters, such as red blood cell count and hematocrit,123
suggested only a slight hemoconcentration in the I/R group by the 1st postoperative day.124
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Fig. 1. Blood flow unit (BFU) measured by laser Doppler tissue flowmetry. Base values and changes during/after ischemia, and
on the 1st postoperative day on ipsi- and contralateral testes. *p< 0.05 vs. Base; # vs. Control.
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Fig. 2. Tissue temperature [◦C] base values and changes during/after ischemia, and on the 1st postoperative day on ipsi- and
contralateral testes. *p< 0.05 vs. Base; # vs. Control.
Table 1
Changes of selected hematological parameters
Variable Base I-30 R-60 1st p.o. day
WBC [× 103/l] 10.69 ± 1.06 7.66 ± 0.96 9.68 ± 2.02 11.37 ± 4.81#
7.79± 0.95 5.98± 1.05
Mo + Gr% [%] 27.94 ± 9.81 36.91 ± 12.35* 58.07 ± 12.58∗,+ 61.87 ± 12.68∗,#
17.25± 5.24 27.1± 7.04
RBC [× 106/l] 6.9 ± 1.25 7.2 ± 0.69 7.42 ± 0.38 7.64 ± 0.8
7.58± 0.9 7.54± 1.23
Hct [%] 38.38 ± 7.24 40.4 ± 4.49 41.21 ± 2.03 41.67 ± 4.77
43.02± 5.74 42.76± 6.19
MCV [fl] 55.57 ± 0.94 56.03 ± 1.87 55.5 ± 1.01 54.47 ± 0.98
56.68± 3.17 56.84± 2.26
MCH [pg] 15.65 ± 0.41 15.83 ± 0.51 15.61 ± 0.43 15.12 ± 1.24
15.57± 0.75 15.86± 0.6
Plt [× 103/l] 716.7 ± 181.4 745 ± 140.4 731.7 ± 158.5 913.1 ± 99.3∗,#
784.4± 132.7 707.9± 140.4
means ± S.D.; Control values in italics. Base = before ischemia; I-30 = the end of the 30-minute ischemia;
R-60 = the 60th minute of the reperfusion; 1st p.o. day = 1st postoperative day; *p< 0.05 vs. Base; # vs.
Control; + vs. I-30.
3.3. Red blood cell deformability125
Figure 3 shows the elongation index (EI) values in the function of shear stress (SS [Pa]). On the EI-126
SS curve plots only a slight decrease was visible in the I/R group (Fig. 3A) compared to the Control127
(Fig. 3B).128
Un
co
rre
cte
d A
uth
or
 P
ro
of
6 N. Nemeth et al. / Testicular ischemia-reperfusion may alter micro-rheological parameters
0
0.1
0.2
0.3
0.4
0.5
0.6
100
EI
 
Shear stress [Pa]
Base
I-30
R-60
1st postop. day
0
0.1
0.2
0.3
0.4
0.5
0.6
EI
 
Shear stress [Pa]
Base
1st postop. day
A B
0.1 1 10 1000.1 1 10
Fig. 3. Elongation index (EI) – shear stress (SS [Pa]) curves of Ischemia-Reperfusion (A) and Control (B) groups before
ischemia (base), at the end of the ischemic period (I-30), at the 60th minute of reperfusion (R-60) and on the 1st postoperative
day.
Table 2
Comparative data of elongation index (EI) - shear stress (SS [Pa]) curves
Variable Base I-30 R-60 1st p.o. day
EI at 1 Pa 0.168 ± 0.016 0.162 ± 0.025 0.151 ± 0.024* 0.158 ± 0.014
0.171± 0.013 0.168± 0.022
EI at 2 Pa 0.267 ± 0.019 0.269 ± 0.019 0.256 ± 0.023 0.254 ± 0.019
0.269± 0.015 0.266± 0.02
EI at 3 Pa 0.331 ± 0.017 0.333 ± 0.016 0.318 ± 0.017* 0.317 ± 0.014#
0.331± 0.014 0.331± 0.017
EI at 5 Pa 0.391 ± 0.012 0.392 ± 0.009 0.384 ± 0.013 0.385 ± 0.014
0.393± 0.009 0.391± 0.021
EI at 10 Pa 0.454 ± 0.010 0.455 ± 0.007 0.450 ± 0.015 0.446 ± 0.013
0.459± 0.009 0.452± 0.017
EImax 0.574 ± 0.022 0.570 ± 0.019 0.575 ± 0.027 0.576 ± 0.022
0.572± 0.011 0.572± 0.013
SS1/2 [Pa] 2.42 ± 0.43 2.71 ± 1.11 2.84 ± 0.74! 2.63 ± 0.36
2.39± 0.25 2.45± 0.53
means ± S.D.; Control values in italics. Base = before ischemia; I-30 = the end of the 30-minute ischemia;
R-60 = the 60th minute of the reperfusion; 1st p.o. day = 1st postoperative day *p< 0.05 vs. Base; # vs. Control;
!p= 0.051 vs. Base.
Table 2 shows comparative data of the EI-SS curves. Compared to the base, significantly lower EI129
values were measured in the I/R group at the 60th minute of reperfusion: at 1 Pa (p= 0.028) and at 3 Pa130
(p= 0.048). On the 1st postoperative day the I/R group showed significantly lower EI values compared131
to the Control group (p= 0.037). The calculated EImax values showed a slight decrease by the end of132
the ischemia, while by the 60th minute of the reperfusion, moderate increase of the SS1/2 values almost133
reached the significant level (p= 0.051) versus the base (Table 2). These non-uniform differences could134
be originated from the shape-alterations of the individual EI-SS curves.
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Fig. 4. Red blood cell aggregation index values (M. M1 5 and 10 sec) of Ischemia-Reperfusion (A) and Control (B) groups before
ischemia (base), at the end of the ischemic period (I-30), at the 60th minute of reperfusion (R-60) and on the 1st postoperative
day. *p< 0.05 vs. Base; # vs. Control.
3.4. Red blood cell aggregation135
The red blood cell aggregation index values showed significant difference in the I/R group already by136
the end of 30-minute ischemia (Fig. 4A). Interestingly, this alteration was an initial decrease (5 sec M137
index: p= 0.003; 5 sec M1: p= 0.004; 10 sec M: p< 0.001 vs. base).138
By the 60th minute of reperfusion the aggregation index values started to increase, reaching the base139
values (only 5 sec M values differed significantly compared to base: p= 0.018). By the 1st postoperative140
day, the rise in all aggregation index values of the I/R group was observed (5 sec M: 4.29 ± 2.65, p< 0.01141
vs. base and p= 0.001 vs. Control; 5 sec M1 : 8.27 ± 2.69, p< 0.001 vs. base and Control; 10 sec M:142
12.09 ± 7.14, p< 0.001 vs. base and Control; 10 sec M1 : 21.41 ± 6.88, p< 0.001 vs. base and Control).143
In the Control group we did not find any important changes (Fig. 4B).144
3.5. Histological results145
Using H&E staining and conventional light-microscopy, in the I/R group only mild inflammatory146
induration was seen mostly in the surrounding soft tissues of the testicles and in the epididymis.147
4. Discussion148
For the experimental investigation of testicular ischemia several models are known on laboratory animal149
species (mouse, rat, hamster, rabbit and porcine) [9, 16, 17, 23, 27, 28, 31, 32]. Most of the studies include150
microcirculatory, hemodynamic and histological investigation.151
The occurring tissue injury during ischemia can also involve and affect the integrity of the blood testis152
barrier, which can induce such inflammatory and immunological processes that can cause further injuries153
both in ipsi- and contralateral testicles [10, 17, 21, 23, 33, 34].154
When evaluating the results, it may be interesting to consider the testicular volume, and its ratio to155
the whole body, too. In rats the testicles are almost fully developed at the age of 70 days, however, the156
volume is still increasing: beyond the age of 3 months it is typically 1600 mm3 or above in Wistar rats157
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[11, 29]. Further questions may arise depending on the laboratory animal species used for the testicular158
torsion model the critical ischemic time in the preservation of the spermatogenetic function alters, so the159
testis sensitivity against ischemic time may show species-related differences. Based on literature data in160
rats 60-minute ischemia is the critical time for salvaging the testes’ full biological role [31], while in161
mice it is 120 minutes [17].162
From the hemorheological aspects little is known in the literature about spermatic cord torsion. It163
is accepted that the majority of the injuries in the testis could be caused by the ischemia-reperfusion164
generated oxygen free-radicals and activated neutrophils [10, 17, 25]. The hemorheological factors,165
especially the micro-rheological parameters of the red blood cells, are sensitive to ischemia-reperfusion166
injuries [3, 14, 20]. Due to the impairment of these factors the microcirculation may further be disturbed167
[2, 3, 24, 30].168
Numerous literature data on blood flow and microcirculatory changes can be comparable to our findings.169
Lievano et al. found that after testicular torsion (ischemia) the blood flow was elevated not only in the170
ipsilateral but also in the contralateral testicle in a porcine model. Blood flow values were measured171
by radiolabeled microsphere technique [16]. Tanyel et al. found similar results in a rabbit model using172
electromagnetic flowmeter [28]. Nguyen et al. investigated the effect of testicular torsion in porcine173
using radiolabeled microsphere technique: they found that (after normalizing the data to body weight)174
the blood flow of the contralateral testicle was reduced during the time of the torsion, then 1 hour after175
detorsion it became to elevate [21]. Furthermore, Turner et al. investigated the microcirculation using176
laser Doppler flowmetry in Sprague-Dawley rats and their results were also similar: during torsion values177
were consumedly decreased and in the early phase of reperfusion could be partly normalized [32].178
In the background or because of the microcirculatory changes, alterations could be found also in the179
rheological parameters of red blood cells. Due to ischemia, the rheology of blood in the excluded vascular180
region is changing, depending on the length of ischemia, the temperature and on the anatomical properties181
of the excluded region [2, 3, 14, 20].182
In systemic venous blood, red blood cell deformability decreased by the 1st hour of reperfusion then183
still worsened by the 1st postoperative day but of a smaller magnitude. Interestingly, the shape of the184
EI-SS curves were not equal, because some differences were found to be significant at 1 and 3 Pa, but185
not at other investigated shear stress values. However, EI values were decreased. Thus, we cannot state186
that 30-min testicular ischemia and the following reperfusion with the inflammatory response reactions187
caused an obvious decrease in red blood cell deformability. In parallel with this, red blood cell aggregation188
parameters showed a great elevation by the 1st postoperative day compared to Control and base values. In189
case of rats the erythrocyte aggregation values are typically lower and very low; therefore the postoperative190
elevation of the aggregation index values can be considered impressive [36].191
The elevated aggregation index refers to enhanced red blood cell aggregation, of which in vivo con-192
sequences are diversified [2, 24, 30]. In the background of red blood cell aggregation changes several193
factors might be determinant, such as change of the fibrinogen concentration, alterations of the glycoca-194
lyx, lactate concentration and pH level changes [3, 20]. Ischemia-reperfusion and tissue damage-induced195
inflammation are known to cause micro-rheological alterations [3, 14, 18, 20, 30]. On the 1st postop-196
erative day following the 30-minute ischemia there was no notable histological change in the testicular197
parenchyma but in the epididymis and in the surrounding tissue the signs of inflammation were detectable.198
However, compared to our previous experiments such a great elevation in aggregation index values was199
very high. It may reflect acute phase reaction [3, 14] as we also observed in other ischemia-reperfusion200
models [18–20]. Its magnitude may suggest even sepsis [3], but white blood cell count changed in a201
relatively small manner. However, the monocyte-granulocyte ratio doubled by the 1st postoperative day.202
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During the sampling on the 1st postoperative day, we did not see obvious macroscopical signs for the203
presence of sepsis.204
Red blood cell aggregation can be measured or estimated by several methods [4, 6, 12], including205
the light-transmission technique that was used in this study. As it was concluded by Baskurt et al. in206
2009, the comparability of various commercially available methods are generally satisfactory, but the207
instrumental limitations existing, mostly when red blood cell aggregation or deformability are changed in208
great manner [7]. Using the Myrenne aggregometer the measured values reflect the aggregation process209
at different time points (5 or 10 sec) and under stasis (M values) or at a low, 3 s−1 shear rate (M1 values)210
[6, 12, 15]. Although they describe the same process, they are different values, thus we analyzed them as211
individual parameters. According to our experiences, both 5 and 10 sec modes are useful, since in animal212
blood we often saw zero values sporadically in M, M1 values both in 5 and 10 modes. It is also known213
that hematocrit affect the aggregation index values. The hematocrit data ranged between ∼38–43 %. It214
is a relative narrow range, and it would have been impossible to adjust the hematocrit to a constant value215
(e.g., for 40%) in these small amount of blood samples.216
It would be favorable if that kind of methods were available, which could in vivo and objectively analyze217
the microcirculatory parameters, the changes of the rheological, altogether with the micro-rheological218
properties.219
5. Conclusions220
These findings on the changes of micro-rheological parameters of systemic venous blood samples221
can attract attention to significant hemorheological effects of testicular ischemia-reperfusion in this rat222
model, which may related to microcirculatory alterations. The largest changes were seen in the red blood223
cell aggregation parameters, proving the importance and sensitivity of this measurement. Exploring the224
dynamics of these postoperative changes requires further studies, even with comparative analyses of225
therapeutic possibilities.226
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